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ABSTRACT 
The majority of studies of intracellular transport have focused on cargos that 
move well over some distance. However, a significant percentage of intracellular cargos 
at any given time remain in a stalled or locally diffusive state. The goal of my graduate 
work was to study the processes that lead to localized non-motile or weakly motile 
cargos.     
In my first work (Chapter 2), I showed that cargos driven by a team of kinesins 
can spend a significant amount of time at microtubule (MT) intersections, especially 
when the intersecting MTs are counter-aligned. The work in Chapter 2 was done in two 
dimensions (2D) with MT attached to the surface of a coverslip. To enable more 
biologically faithful studies, I contributed to the development of a novel technique 
(Chapter 3) to manipulate MTs in three dimensions (3D). This work now enables the 
construction of MT structures in a controlled environment in a fully suspended geometry. 
 The study in Chapter 4 was motivated by the need to understand cold block of 
MT-based transport seen in some mammalian neurons and how this is overcome in cold 
adapted organisms. I have explored the differences in how temperature affects the 
activity of biological motors and helped model how these differences modulate the tug-
of-war between the two opposite directed motors.   
Lastly, it is critical in the study of nearly immotile cargos to distinguish when the 
cargo is not moving due to opposite-directed motor activity from when it is driven by a 
thermally-driven random process such as Brownian diffusion. I showed (Chapter 5) that 
iv 
in contrast to diffusion, tug-of-war follows Arrhenius kinetics which reflects motor 
activation energy. I used a bi-directional kinesin NCD N340K mutant, on a single MT in-
vitro. I also showed that this system of tug-of-war displays complex behavior. In contrast 
to thermal diffusion, this tug-of-war is sub-diffusive at short time intervals and it only 
becomes effectively diffusive at longer time intervals. In addition, I showed that the tug-
of-war leads to an unexpected skewed distribution of diffusion coefficients within 
experimental sample range and I have helped develop a theoretical understanding of how 
this could arise in my model system.   
To the loving memory of my father, Morakinyo Cornelius Osunbayo. 
To my mother, Eunice Olayemi Osunbayo, who has been there for me all my life. 
To my wife, Nnenna Osunbayo, for her support. 
To my daughter, Toluwani  Osunbayo. 
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A eukaryotic cell is a complex, densely crowded environment. Like a huge 
metropolis, it critically needs efficient transportation to control the distribution of cellular 
components in a manner that is both spatially and temporally optimal. The principal 
enabler of the long-distance transport in the cell is the microtubules (MT)-based transport 
system. The MT system is involved in the routing and distribution of components within 
the cell body and in inter-flagellar transport  1–3. The breakdown of the MT transport 
system is deeply involved in and may even be causative for diseases like Lissencephaly 
and Alzheimer’s 4–7. 
Transport in the cell is often naively envisioned as a cannonball run between 
origin and destination but in reality, it is complicated by a variety of factors. This 
dissertation is focused on the complications. One important factor is the complex 
geometry of MTs. MT cytoskeleton is a complex network with multiple intersections 8,9. 
This may lead to a tug-of-war between different motors on the same organelle and 
frequent cargo pauses and switches to different MT track.  Another compounding factor 
is the presence of dissimilar motors with different directional propensities on a 
transported cargo in the cell. This may also lead to a tug-of-war between the opposing 
motors and results in bi-directional motility 10–14 or extended pauses in cargo motion. My 
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graduate work was dedicated to finding experimental approaches to tell what was behind 
a cargo’s lack of motility and a better understanding of tug-of-war phenomena.  
Below, I introduce the main components of the relevant cytoskeletal machinery 
with a focus on those aspects which are most relevant to my graduate work.  
 
1.1 Microtubules 
MTs are polymers of tubulin dimers. A tubulin dimer is made up of one α-tubulin 
and one β-tubulin monomer, “glued” together by a Guanosine-5'-triphosphate (GTP ) that 
does not hydrolyze 15,16.  The MT is geometrically polarized with α-tubulin orientated 
towards the negative end of the MT and β-tubulin orientated towards the positive end of 
the MT. The dimers polymerize to form a hollow MT of about 25 nm in diameter (Figure 
1.1). The tubule is made of protofilaments (linear repeating unit of tubulin dimers) with 
8-17 MT protofilaments stacked together 17.   
 The MT polymerization and de-polymerization is an important target of cellular 
regulation and therapeutic interventions.  MT can be stabilized by MT-associated 
proteins, like end-binding protein 1 (EB1) which binds to MT at the positive end and 
prevents “catastrophe” and promotes MT polymerization 18–20. On the other hand, 
members of the kinesin -13 family are known to promote MT depolymerization 21–23. The 
MT dynamics is also sensitive to ambient temperature. At 4 0C, which is a relevant 
temperature for Chapter 4 and 5 of this dissertation, MTs are known to rapidly 
depolymerize 24. The cell can utilize proteins like the stable-tubule-only-polypeptide 
(STOP) to counteract MT depolymerization during cold shock 25,26. On the other hand, 
the heat shock protein, Hsp90, is known to protect  MTs from depolymerization at high 
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temperature 27. The MT stability can also be regulated via man-made chemicals. Many 
small molecules are known to promote or inhibit MT stability in-vitro and in-vivo. My 
work used paclitaxel (brand name Taxol) to stabilize MTs and to promote MT cold and 
heat stability.  
 
1.2 Molecular motors 
Kinesin and cytoplasmic dynein are two superfamilies of motors that transport 
cellular cargos on MT “highways”. Kinesin motor classification includes fourteen related 
sub-families 28. Twelve of these transport cargos towards the positive end of MT. The 




The kinesin heavy chain (HC), its main polypeptide chain, consists of the motor 
domain, the neck-linker, and the coil-coil stalk region. The motor or head contains the 
catalytic region that is crucial in the conversion of adenosine triphosphate (ATP) 
hydrolysis to mechanical motion along the MT track 29,30.  
Kinesin 1, known as conventional kinesin, is the most studied member of the 
kinesin family 31 . Henceforth, kinesin will be used to denote kinesin 1. The main 
functional unit of kinesin is a dimer made of two heavy chains.  Each heavy chain 
contains a subdomain often called “head” which is approximately 330 amino acids long 
and is highly conserved in all kinesin superfamilies. It is the site of ATP binding and 
hydrolysis. The kinesin head can convert chemical energy in ATP, after hydrolysis of the 
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terminal gamma phosphate on ATP, into mechanical work for translocation on MT.    
For kinesin to be processive (repeating enzymatic steps while attached) on a MT, 
at least one head must be bound at all times. The two motor domains of kinesin walk in 
“hand over hand” fashion along MT tracks. Kinesin takes a step of 8 nm in each walking 
cycle. The kinesin nucleotide state modulates each head’s affinity to MT as kinesin walks 
on MT track 32,33.  
The typical velocity of kinesin-1 at room temperature and standard pressure is 
around 600 to 700 nm/sec. A single kinesin can produce about 5-7 pN force on ATP 
hydrolysis 34,35. For kinesin, there exists a nonlinear effect of an opposing load on kinesin 
processivity and velocity 36.  At saturating ATP concentration, force-velocity relationship 
of a kinesin is convex, which means that kinesin is at first insensitive to an opposing 
force with increasing opposing load and then the velocity rapidly declines until the stall 
force of about 6 pN 37.  On the other hand, processivity of kinesin declines rapidly with 
an increasing opposing force at low force and rate of decline reduces as it approaches 
stall force 36,38. Single molecule kinesin can take approximately 100 steps and go 
processively for about 800 nm before falling off the MT track 39,40; ensembles of kinesin 
can walk for a significantly longer distance 41,42. The processivity of kinesin is dependent 
on the rate of phosphate release after ATP hydrolysis. The processivity of kinesin is 
longer when the rate of  phosphate release is reduced 38. I have used temperature variation 
to look at the enzymatic activity of kinesin. This approach is an important physical 
technique in the study of biological enzymes 43–45. In the simplest case, enzymes obey 
Arrhenius kinetics, 𝑟𝑎𝑡𝑒 𝑒
−𝐸𝑎
𝑘𝑏𝑇  , where Ea represents the activation energy, kb is the 
Boltzmann constant, and T is the temperature in Kelvin.  Kinesin activity has been 
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studied as a function of temperature in MT gliding assays  and in single molecule 
experiments 46–50. In all these studies, kinesin activity was observed above 15 0C. This 
dissertation has extended these studies to much lower temperatures (Chapter 4). 
 
1.2.2 Kinesin NCD 
Another family of kinesin important for this dissertation is Drosophila 
melanogaster nonclaret disjunctional protein (NCD). It is a member of the kinesin-14 
family that is important for chromosomal segregation during mitosis. Like conventional 
kinesin, NCD contains a dimer of heavy chains possessing enzymatic activity.  In 
contrast to conventional kinesin, NCD has the head domain at the C-terminal end and its 
powerstroke is directed towards the negative end of the MT 51. However, there is 30% 
probability of a powerstroke towards the positive end of MT 52. Also unlike conventional 
kinesin, NCD is a nonprocessive motor, which means a single NCD head takes a single 
power stroke and detaches from MT. NCD lacks the neck-linker and ATP binding on the 
MT bound head has the effect of causing 700 rotation in the neck with an overall negative 
end directed MT motion 53.  Another important difference between conventional kinesin 
and NCD is that the orientation of the NCD head is rotated about 1200 in respect to the 
kinesin head (Figure 1.2) 54. Furthermore, crystal structure analysis reveals that kinesin’s 
unbound head is positioned to bind the next binding site towards the positive MT whereas 
the unbound head of NCD is oriented towards the negative end of MT 54.  
 A N340K mutation in the neck of NCD creates an electrostatic repulsive 
interaction with K640 (Figure 1.3) residue within the motor domain 55. As I stated in the 
previous paragraph, wild type NCD has only 30% probability of moving towards the 
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positive end of MT; however, the electrostatic repulsion created by N340K mutation 
“unhinged” the neck from the motor domain, resulting in a balanced probability of 
moving towards either end of the MT 55. I make use of this bi-directional property in 
Chapter 5 of this dissertation, as it simplifies modeling of motors tug-of-war.  
 
1.2.3 Cytoplasmic dynein 
There are two classes of dynein: cytoplasmic and axonemal dynein 56. In this 
work, I am mostly focused on cytoplasmic dynein. Cytoplasmic dynein, a protein 
identified in 1987 57, is the second major class of biological motors that transports cargos 
in the cell.  Henceforth, dynein will be used to denote cytoplasmic dynein.  In contrast to 
kinesin, dynein walks predominantly towards the negative end of the MT 31. Its structure 
is fundamentally different from kinesin; this suggests a completely disparate evolutionary 
track.  Dynein is an ATPase that belongs to the AAA+ superfamily 58–60.  AAA+ 
ATPases are hexameric protein rings that undergo conformational changes on ATP 
hydrolysis to perform mechanical work. Examples of the mechanical work performed are 
ripping apart DNA and RNA duplexes, breaking macromolecular complexes, and 
unfolding of proteins 60–63.  Dynein contains a homodimer of two heavy chains (HCs) 
with each HC having an hexameric AAA+  ATPase ring (Figure 1.4) 64.  The two HCs 
dimerize at the N-terminal region. The ATP hydrolysis in the HC is converted into 
mechanical motion with translocation along the MT track.  
There are other important polypeptide chains that are part of the dynein complex: 
a dimer of intermediate chains, a dimer of light intermediate chains, and three dimers of 
light chains (LC8, Roadblock, and Tctex). These chains add additional regulatory control 
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to dynein which may include specificity of bound cargos.   
 Dynein interacts with additional regulatory proteins which are not part of the 
permanent complex. However, work on dynein with regulatory co-factors is beyond the 
scope of my dissertation work and is an interesting research direction for the future.    
Unlike kinesin-1, cytoplasmic dynein can take steps which are 8 nm and larger 65. 
Also, unlike conventional kinesin, dynein can take lateral steps and occasionally 
translocate processively towards the positive end of the MT 66,67. 
Temperature is an important tool in single molecule study of dynein (similar to 
kinesin, discussed above). Studies on how temperature affects the activity of cytoplasmic 
dynein are rare. Temperature study has been done on axonemal dynein 68–70.  My work in 
Chapter 4 helps bridge some of knowledge gaps for cytoplasmic dynein temperature 
dependent properties at a single molecule. This is important in order to better understand 
temperature dependent transport phenotype like cold block of neurons MT dependent 
transport 71 and how cold adapted organism might have overcome the cold transport 
block.  While it was known that S. cerevisiae cytoplasmic dynein velocity is much slower 
(about 70 nm/sec) 66,67 than that of mammalian cytoplasmic dynein (about 1000 
nanometer/sec) at room temperature 72, the study in Chapter 4 uncovers more interesting 
differences in their properties as a function of temperature in terms of a break in their 
Arrhenius kinetics. Another major difference is that S. cerevisiae cytoplasmic dynein can 
produce force between 5-7 pN 67,  while mammalian cytoplasmic dynein can produce 
about 1-2 pN 65,72. There is evidence that under a high opposing force greater than stall 
force, yeast and mammalian dynein can move processively towards the MT plus end 67,72. 
The velocity of dynein decreases under increasing opposing load. Yeast dynein shows 
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high persistence under load while mammalian dynein is less persistent but this property 
can be modulated by co-factors 67,72,73.  
 
1.3 Ensemble properties of molecular motors 
More than one motor is usually involved in the transport of cellular cargos 74,75 . 
This raises an important scientific question on how multiple motors cooperate. One 
possible outcome of multiple motors interaction is longer run length. While single 
molecule kinesin takes about 800 nm before dissociating from MT, multiple kinesins can 
synergistically move for a relatively long distance 41,76. The mean field theoretical 
prediction for how the number of kinesin motors transporting a cargo, N, affects the run 
length is approximately given by 5N–1/N micrometers under standard assay conditions and 
also assuming the motors are perfectly clustered in a singler spot on the cargo 76. 
Experiments have also reported a longer run length  for multiple motors 41,42. Another 
point to note is that the on rate used in the theory is temperature dependent, and I 
confirmed in Chapter 4 that by reducing the temperature, the run length is reduced. 
Multiple motors can also cooperatively move against greater opposing load than an 
individual motor 42,77. 
An important area of research in the field of molecular motors is the ensemble 
behaviors of opposite directed motors on a cargo. Opposite directed motors are seen on 
all types of cargo in the cell which can lead to their bi-directional motion and near 
immotile “diffusive” transport 13,78. One major hypothesis for their joint behavior is the 
tug-of-war model 78.  A recent study which experimentally examined the a tug-of-war 
between a team of yeast dyneins and a team of kinesins concluded that “the ratio of 
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dynein to kinesin dictated cargo directionality” 13. For mammalian dynein, one expects 
something similar, but mammalian dynein is much weaker than kinesin (without co-
factor regulation). So force balance in that case would require many dyneins to balance 
out each kinesin 73; however, many dynein motors have significantly higher net 
persistence on the MT which then favors minus-end directed transport for force balanced 
ensembles. I also show in Chapter 4 that at low temperature, there is a qualitative change: 
a team of kinesins wins in a force balanced tug-of-war with dyneins, due to temperature 
dependent change in dynein kinetics.  
Tug-of-war can result in a near immotile phase of the transport that is driven by 
opposite directed motors 13. This near immotile phase of transport is the main focus of 
Chapters 2 and 5 of this dissertation. In particular, I make use of the nonprocessive bi-
directional kinesin NCD N340K mutant discussed previously in section 1.2.2 as the 
model motor to study the question three and four. Unlike the work of Derr et al., my 
system was inherently fully bi-directionally balanced which allowed me to focus very 
specifically on the nearly immotile transport. I characterized the ensemble properties of 
the near immotile state as a function of temperature and showed how the tug-of-war can 
be distinguished from thermally activated diffusion in the cell.  
Overall, my graduate work has helped to understand how molecular motors 
oppose each other and what is behind the long-ignored part of cargo motility: pauses and 
near-stationary periods. I also helped established variable temperature microscopy as a 













Figure 1.2 Structure of kinesin and NCD  orientation on the MT 54.  Reprinted with 





Figure 1.3. The crystal structure of NCD N340K bi-directional motor 55. Reprinted with 
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COMPLEX NEARLY IMMOTILE BEHAVIOR OF  
MICROTUBULE-ASSOCIATED CARGOS 
 
5.1  Abstract 
We report a minimal microtubule-based motile system displaying signatures of 
tug-of-war motility. The system consists of a single model cargo driven by an ensemble 
of N340K NCD motors along a single microtubule. Despite the absence of cytosolic or 
cytoskeleton complexity, the system shows complex behavior, characterized by sub-
diffusive motion for short time lag scales. In addition, the linear MSD dependence for 
longer time lags is also shown to have non-Gaussian character and cannot be ascribed to 
a canonical diffusion process. We use variable temperature single particle tracking and 
analysis to identify the origin of these behaviors as enzymatic activity of mutant NCD. 
Our results suggest that some of the anomalous motility of cargos commonly observed in 
cells may be due to tug-of-war states of cargos on a single filament and need not always 
reflect the properties of the cytoskeletal network or the cytosol. 
 
5.2  Introduction 
Microtubule-associated motility enables essential intracellular functions and 
processes in eukaryotic cells. Hence, observation and modeling of this process is a major 
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modern research direction. Much less attention is devoted to studies of how cargos do not 
move. The temporary lack of directed cargo motion is often seen but rarely analyzed in 
depth in particle tracking and analysis studies. It can significantly affect net cargo 
velocity for one particle and net cargo flux for a population of cargos. In addition, cargos 
driven by multiple molecular motors can remain immotile for extended periods of time at 
microtubule intersections due to being bound to multiple filaments at once1–4. In such 
cases, the cargos act as dynamic cross-links for the cytoskeleton and their function 
bridges the fields of motility and biomechanics5,6. Extended stationary periods are 
therefore a distinct class of motile behavior which requires extensive in-vitro and in-silico 
modeling, as well as additional experimental tools to establish the underlying root causes 
of such events. 
Intracellular cargo tracks tend to be highly complex because motion can be driven 
by a variety of causes, including mechanochemical enzymes7 and passive diffusion8 
(equivalently, motion can be driven by causes that obey or break detailed balance9). The 
distinction between passive and active motion is crucial. For example, one might use 
positional fluctuations of an intracellular cargo to calibrate in vivo optical trapping10, but 
it is essential to first establish that the chosen cargos are not subject to motor activity. On 
the other hand, if enzymatic contribution is established, then one can proceed to probe the 
properties of molecular motors mediating the motilitye.g. 11,12. It is thus desirable in many 
experimental contexts to have a simple way to distinguish between active and passive 
motility. 
Mean-squared displacement (MSD) analysis13 is commonly used to classify single 
particle motion. Pure Brownian motion leads to linear MSD curves while motion of 
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individual mechanochemical enzymes often proceeds at constant velocity which produces 
a quadratic MSD dependence13,14. An important subtlety is that Brownian motion is not 
the only stochastic process that leads to linear MSD curves15,16. For example, all it takes 
is for balanced ensembles of mechanochemical enzymes to oppose each other’s motion 
and a linear MSD can very well arise from an active process. MSD analysis may be 
convenient and easy to perform, but it is not always appropriate to distinguish active from 
passive motility. 
Motility analysis and modeling is rapidly changing16,17. Interest in active 
fluctuations and awareness of complications in practical data analysis is growing18,19. 
Practical examples of enzymatically driven diffusion are now well established12. 
However, theoretical approaches to teasing out various diffusion and active motility  
modes from single particle tracking data15 are still under active development20,21 and a 
single standardized approach has yet to emerge. It is however clear that in general, mere 
tracking and associated analysis is insufficient to relate cargo-scale phenotype to 
constituent single molecule contributions. There is thus an acute additional need for new 
experimental probes of complex motility. In this work, we construct a minimal model of 
an active but apparently diffusive process. We then examine the resulting motility and 
demonstrate that even in our minimal system, the overall ensemble phenotype is 
complex. We then capture the fundamental dynamics in our system in a minimal 
theoretical model and further show how active contribution to the apparent diffusion can 






5.3 Results and discussion 
We have modeled complex motility under controlled conditions by constructing a 
bead assay in which multiple microtubule-based motors could cross-bridge a cargo to a 
filament and subsequently engaged in a balanced tug-of-war. To keep the system minimal 
we have used a single type of motor: N340K mutant of kinesin-14 NCD (non-claret 
dysfunctional)22. Wild type NCD is nonprocessive with a bias for minus-end directed 
powerstroke22–26.  The N340K mutant is a bi-directional motor, with more balanced 
preference for stepping in either direction. Ensembles of N340K NCD motors were 
previously used in a microtubule gliding assay and showed ensemble bi-directional 
motility. Most of the motility was reported to be localized, but some contiguous 
displacements in either direction were too long to be ascribed to diffusion even though 
overall motile random process appeared roughly stationary22. The general view regarding 
this phenomenon is that the cooperative activity of NCD motors is sufficient to 
temporarily power directed displacement9 but the choice of direction occurs via 
spontaneous symmetry breaking and need not be biased in a specific direction. However, 
diffusive motion has not been fully ruled out8. 
We studied NCD N340K driven motility in a bead assay to more closely model 
active bi-directional cargo motion (although technically the glass slide in gliding assays 
can be thought of as a cargo). The observed motility was consistent with gliding assay 
phenotype22: most beads exhibited limited localized motions while some beads had more 
extensive bi-directional motility (Figure 5.1). The MSD analysis of tracks revealed that 
the motion is strongly sub-diffusive on short time scales (Figure 5.1). This prompted us to 
re-examine them using a more extensive time–averaged MSD (TA-MSD) analysis5,27,28 
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(Figure 5.2A) which revealed a broad distribution of anomalous exponents for lag 
dependence from near zero to slightly above unity (Figure 5.2B). On the other hand, 
measurement time dependence showed robust convergence (Figure 5.2A), suggesting that 
the sub-diffusive process is ergodic. We therefore tentatively consider this behavior to fit  
in the class of fractional Brownian motion (fBm)15. Indeed, the microscopic picture we 
have is bead-microtubule coupling via variable number of motors at a variety of relative 
binding positions and hence a variety of coupling strengths, which is the type of a 
complex system where fBm phenomena are known to arise28,29.  An essential feature of 
fBm processes is some form of memory effect built into the system dynamics. In our 
case, it is likely that the motors themselves provide such memory effect, perhaps due to 
their complex response under load (which remains poorly characterized for NCD). In this 
picture, when a motor detaches or attaches to the microtubule, the system then slowly 
evolves to a new motile state. We would then expect that after some lag time, memory 
effects would become negligible. This is indeed seen in our data (Figure 5.1B, 5.2A). 
Beyond about 1 second lag time, MSD curves do show a linear trend. Therefore, on long 
lag time scales, the system becomes a good model of apparently diffusive behavior.  
We then wanted to examine whether the complex behavior above could be 
directly attributed to the enzymatic activity of NCD. The central idea behind our 
approach is that biological enzymes typically undergo dramatic changes in activity over a 
biologically relevant temperature range30–32 whereas passive processes like diffusion 
show much less pronounced variation with temperature. We demonstrate below that 
temperature dependent single particle tracking is indeed a rapid and convenient approach 
to analyzing the active contribution to apparent diffusion. The linear fits14 to the long lag 
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time portion of the MSD curves revealed that the distribution of the effective diffusion 
coefficients is not Gaussian. At all temperatures, it is highly skewed and reasonably 
approximated by an exponential distribution (Figure 5.3A,B). This feature is unexpected: 
approximately Gaussian distributions typically arise in this type of analysis due to the 
central limit theorem for large data sets. Indeed, this observation is in contrast to e.g. 
simple Brownian motion of beads in water, for which the distribution of diffusion 
coefficients is of course approximately Gaussian and varies slowly with temperature 
(Figure 5.3 C, D). Though exponential density is unusual, it does provide us with a decay 
scale which we can then use as the characteristic of diffusion at a given temperature. 
We first highlight that the diffusion coefficient scale at room temperature is 0.008 m2/sec 
– more than an order of magnitude lower than the typical diffusion coefficients for 
regular diffusion of proteins along microtubules8,33. This is consistent with the picture 
that the random process generating the linear MSD is a complex multi-motor interaction. 
Next, we observed that the characteristic diffusion coefficients extracted in this fashion 
yielded an excellent fit to the Arrhenius model but not to the linear one (Figure 5.3). The 
activation energy extracted from the Arrhenius fit was 130 KJ/mol – somewhat high but 
within the range of activation energies observed for kinesin motors especially for a 
system of multiple motors where a stepping enzyme would see significant opposing 
load34. It is unlikely that another energy barrier relevant to our system is in this range. For 
example, the activation energies for protein diffusion along the microtubule lattice are not 
generally precisely known but are thought to be more than an order of magnitude lower8. 
The energy barriers relevant for the motor-microtubule detachment are of order 10 
KJ/mol35.  We conclude that the apparent diffusion is actually an active process. The last 
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question we need to address is the unexpected finding that the distribution of effective 
diffusion coefficients in our assays is extremely skewed. This type of a phenomenon has 
been observed in many systems and has been recently modeled using the diffusing 
diffusivities approach17. However, this type of a model does not easily map onto the case 
of enzymatically driven motion. We therefore need a conceptually related theoretical 
model which would capture the essential features of our system: active power-stroke 
driven bi-directional motion and passive diffusion without necessarily describing the 
complex details of multi-motor dynamics. These considerations lead to a bi-directional 
jump diffusion process, described in 1 dimension by the probability density of the 
temporal displacement p(x,t), which is governed by the Fokker-Planck equation36  
𝜕𝑡𝑝(𝑥, 𝑡) = 𝐷𝜕𝑥𝑥𝑝(𝑥, 𝑡) − 2𝜆𝑝(𝑥, 𝑡) + 𝜆𝑝(𝑥 − 𝛿, 𝑡) + 𝜆𝑝(𝑥 + 𝛿, 𝑡) (1) 
When the rate of jumps λ is set to zero, this describes the classical diffusion 
process. For simplicity, jumps in either direction are assumed to have fixed characteristic 
distance 𝛿 and occur at the same rate, so that the system is symmetric. This system then is 
highly reminiscent of the more general continuous-time random walk ( CTRW) 
processes15, but our model lacks the long tailed correlations. The advantage of this model 
is its simplicity: all the moments 𝜇𝑗 of the distribution 𝑝(𝑥, 𝑡) can be computed 
analytically (see the appendix below with the derivations done by Christopher Miles in 
Dr. James Keener group, Department of Mathematics at University of Utah). For 
example, the model process is first-order stationary, consistent with the assumed 
dynamics being bi-directionally symmetric.  
Ultimately, we are interested in the distribution of diffusion coefficients. That is, 
we associate an empirical diffusivity with each trajectory, reflecting how the squared 
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displacement scales with time. In other words, for a given trajectory, we are effectively 





where t is the time between samples, or the inverse of sampling frequency. Then, one 
could think of the estimate of D for each path as an average of these samples. That is, a 





𝑖=1 , where N is the number of sample points on a 
path. Although the actual practice of estimating D for a path using these random variables 
is considerably more complicated (a weighted linear regression14), this estimator can 
provide the intuition for the curious statistics observed in experiments. The most notable 
feature of these statistics that we utilize is that the MSD for this process is still linear and 
the slope can be computed explicitly as the mean estimate of D: 
𝐸[𝐷𝑒𝑠𝑡] = 𝐷 + 𝜆𝛿
2 (3) 
We immediately notice that if 𝜆=0, this indeed recovers the true underlying 
passive diffusion coefficient. We can also see that for enzymatically driven jumps, whose 
rate λ scales with temperature per Arrhenius law, the effective diffusion coefficient will 
have identical scaling with the same activation energy. This suggests that our intuition is 
correct: if passive diffusion is dominant, the empirical diffusivity should scale linearly, 
and if active, it will scale as a Boltzmann factor.  
Further statistics of the process also provide insight into how this active diffusion 
process can be distinguished from classical diffusion. We recall that the distribution of D 
was considerably skewed in experimental results. This result can be compared with 


























Of course, if each path is an average of N samples, then 𝑠𝑘𝑒𝑤[𝐷𝑜𝑏𝑠] =  𝑠𝑘𝑒𝑤[𝐷𝑠]/√𝑁. 
In the absence of jumps (λ=0), the skewness of each sample is 2√2, as expected for the 
chi-squared distribution with 1 degree of freedom. However, when λ>0, the skewness 
grows. If 𝜆 ≫ 1 𝑡⁄ , then the situation is similar in spirit to classical CTRW models: the 
tails become relatively long and lead to strong deviations from Brownian behavior. But 
the skewness is enhanced considerably even for 𝜆~ 1 𝑡⁄ . Although the skewness does 
indeed decay with the number of samples as predicted by the Central Limit Theorem, the 
rate of convergence is dependent on the magnitude of the skewness. Hence, as skewness 
is enhanced, convergence (to a Gaussian) becomes quite slow (Figure 5.4), even without 
violating the central limit theorem or ergodicity. This result is quite intuitive as a 
sampling issue. As experimental setups (and consequently, this random variable) 
effectively are “snapshots” of the process and we have no memory effects built into our 
model, then each sample is effectively an independent identically distributed random 
variable representing diffusion and jumps occuring in a fixed amount of time (sampling 
time). The relationship between the sampling rate and the effective rate at which these 
jumps occur is therefore crucial in determining the statistics. In such cases, limited 
experimental data sets can still produce strongly skewed distributions for slopes of mean 
squared dispacement curves without violating ergodicity. This observation has been made 
in other branches of scientific literature (for instance, finance37) but seems to be 
underappreciated in this context. We can simulate the jump-diffusion process described 
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and compute the skewness as a function of experimentally tunable quantities (with one 
spatial and one temporal scale free, we set λ=1 and D=1 in the simulations). We 
immediately confirm that the skewness for the process with jumps is considerably higher 
than for pure diffusion (Figure 5.4A). Even though skewness for both processes decays 
with N and asymptotically converges to zero, the difference is large for practical data 
sizes. We can also examine the prediction from equation 4 that as dt becomes much 
smaller than 1/ 𝜆, the skewness should increase. Our simulated skewness does indeed 
does grow as expected within a wide range of dt (Figure 5.4B). Of course, we have a 
technical limit on the number of samples (N) we can reasonably process, but we can fix 
N to be large and vary the sample time dt (meaning that the total simulation time N*dt 
also varies). Consequently, for any finite simulation, it is always possible to examine low 
enough values of dt, so that the length of simulation is not long enough to capture 
accurate statistics of the jump component and we extended our modeling up to this range 
of dt (Figure 5.4B). Lastly, we show that skewness estimation can be robust when the 
number of paths (M) is large (Figure 5.4C). In all cases, we observe a slight over-estimate 
for skewness, reflecting the bias of the estimating approach used here. 
The fact that our observations for a complex system with a high and variable 
number of motors on a cargo can be reduced to a very simple theoretical picture of jump 
diffusion suggests that this may be a fairly common intracellular phenomenon. To test 
this possibility, we have examined a lipid droplet motility system in mammalian Cos-1 
cells. Lipid droplet motility is known to be driven by kinesin-2 and dynein motors38 and 
is also known to show a diverse array of phenotypes, from long distance directed motion 
to more stationary displacements (Figure 5.5). Moreover, lipid droplet motility in 
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mammalian cells has been used as a probe of viscoelasticity of the cytoskeleton39. Indeed, 
subdiffusive behavior has been found at short time scales but hints of linear MSD curves 
have been seen at longer time scales39.   
We examined the lipid droplet motility at long time scales only and focused on 
apparently diffusive transport; the MSDs which fit to the quadratic model better than the 
linear model using the Akaike information criterion were ignored in our analysis.  The 
resulting tracks are not all stationary. As discussed above, linear or sub-diffusive MSD 
curves can arise from active motion if it is saltatory, or if it is a minor part of a longer 
record. All these cases are seen in Figure 5.5A. The average MSD curve is broadly 
consistent with linear trend (Figure 5.5B). Any minor sub-diffusive curvature for short 
lags is not significant, although such a feature would be expected from and consistent 
with prior report39. However, the distribution of apparent diffusion coefficients (Figure 
5.5C) is inconsistent with Brownian motion and is instead highly skewed. The strong 
similarity between these observations and our in-vitro data is of course insufficient to 
infer the microscopic picture of lipid droplet motility in cells. It is, however, sufficient to 
call into question whether viscoelastic contributions can be unambiguously attributed to 
the cytoskeletal filaments or cytosol in general. They may be partially or even wholly due 
to the motor contribution instead. It is also sufficient to call into question whether 
cytoskeletal motor contribution to nanoscale biomechanics in cells is purely elastic40.  
In conclusion, we have demonstrated that tug of war events for cytoskeleton 
transport can lead to complex motile behaviors in the absence of the cytosol, in the 
absence of microtubule movement5, and indeed even in the absence of multiple 
cytoskeletal filaments6. Some of the motility we observed (short lag times) is clearly in 
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the class of anomalous diffusion while longer lag time motility remains to be fully 
understood.  
Cytoskeletal transport has often been conceptualized as a process of cargos 
getting trapped in small spatial compartments and occasional jumps between such 
compartmentse.g. 28. Our work suggests that stationary segments of cytoskeletal cargo 
motion may not always be due to compartment trapping but dynamic tug-of-war trapping 
instead. In addition, models of molecular motor transport often assume motor crosslinks 
to be purely elastic springs41,42. This assumption is convenient and computationally 
efficient but a more detailed model may be warranted in the future. 
On a practical level, we show that when dealing with cytoskeletal motility 
experiments which produce linear MSD curves, it is a good idea to examine the 
distribution of effective diffusion coefficients because devaitions from Gaussian (or high-
degree-of-freedom chi-squared) behavior can be a signature of a complex diffusion 
process. We also show that varying temperature is an excellent and easily experimentally 
accessible technique for probing active contributions to single particle motion in the 
cytoskeletal context. 
 
5.4 Materials and methods 
●Bead assays: Taxol stabilized microtubules were deposited on a glass coverslip, 
washed, then the coverslip surface was blocked and the bead/motor sample was 
subsequently admitted into the flow cell, as previously described43. Briefly, glass 
coverslips were coated with poly-L-lysine, and attached to sapphire slides (Swiss Jewel 
Company, Philadelphia, PA) via double-sided tape (3M, Maplewood, MN). Taxol 
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stabilized microtubules (MT) were diluted into the flow buffer and then deposited into 
flow cell and incubated for 15 mins. The flow buffer was PMEE (35 mM Pipes, 5 mM 
MgSO4, 1mM EGTA, 0.5 mM EDTA) supplemented with 20 μM taxol and 1 mM GTP. 
Excess MTs were then washed away and the surface was blocked with buffer containing 
22 mg/mL casein (Sigma-Aldrich, St. Louis, MO). Carboxylated Ø1 m polystyrene beads 
(Polysciences, Warrington, PA) were incubated with excess NCD N340K kinesin diluted 
in PMEE buffer augmented with 105 mM of NaCl, 5mM of ATP, and 5 mM  
Dithiothreitol and incubated at 4 C for 30 mins. Beads were observed to bind to 
microtubules without detachment during the entire observation period consistent with 
multiple NCD motors tethering the beads to microtubules. Control beads without NCD 
did not bind to microtubules in a parallel assay (data not shown).  
●Imaging and temperature control: Motility data were collected in a biologically 
relevant temperature range as previously described32. Briefly, flow cells were constructed 
as usual but sapphire window was used in place of the cover glass. A customized Peltier 
thermoelectric stage (PE120; Linkam, Tadworth, UK) was placed in direct contact with 
the sapphire cover glass for maximum heat conductivity between the assay and the stage. 
Dry condenser was used to minimize thermal coupling to the microscope. Imaging was 
performed at ~20 frames per second. Bead positions were then extracted and analyzed via 
custom tracking software (Matlab, Mathworks, Natick, MA). 
●MSD analysis for long lag times: Linear fits were performed for lag times 
between 1 and 3 seconds. Longer time lags were penalized in the fit because variance 
between MSDs for particle trajectories grows with lag14. Our regression also used inverse 
estimated variance as fitting weights14 to improve estimation. A few exceptional 
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trajectories showed motion consistent with ballistic (constant velocity) transport. Akaike 
information criterion was used to filter out MSD curves which fit the quadratic model 
better than the linear one. Inclusion of such trajectories is somewhat ambiguous in 
principle, since a linear fit need not produce a meaningful estimate, but in practice it does 
not substantially alter the results above (not shown). 
●Protein purification: N340K mutant of NCD with N-terminal 6xHis tag was 
bacterially expressed in BL21DE3. Lysis was accomplished by sonication for 45 mins at 
4 °C. Lysis buffer: 50 mM Tris pH 7.5, 300 mM NaCl, 10% glycerol, 20 mM imidazole, 
10 M PMSF, 2 mM bME with EDTA-free Roche mixture inhibitors. Cell lysis was 
followed by immobilized metal ion affinity chromatography purification (two washes and 
elution). Wash buffer 1: 50 mM Tris pH 7.5, 700 mM NaCl, 10% glycerol, 40 mM 
imidazole, 0.02% Triton X-100, 2 mM bME. Wash buffer 2: 50 mM Tris pH 7.5, 300 
mM NaCl, 10% glycerol, 75 mM imidazole, 2 mM bME. Elution buffer: 25 mM Tris pH 
7.5, 300 mM NaCl, 10% glycerol, 500 mM imidazole, 2 mM bME. Gene synthesis and 






Figure 5.1  Bead motility at room temperature. (A) Representative tracks show non-
negligible but slow motility which has a linear MSD for time lags above 1 sec (B). Time-
averaged MSD curve (solid black) and associated 95% C.I. (grey region) are shown. The 
sample-averaged MSD (red) is not significantly different from time average. Scale bars in 












Figure 5.2. Anomalous features of bead motility. (A) TA-MSD curves were computed 
for 5, 10, 15, 22 C data as labeled. In each case average TA-MSD was computed for 
several measurement times: 0.05 sec (black), 0.5 sec (dark magenta), 2.5 sec 
(burgundy), 5 sec (light magenta), 10 sec (red). One sigma (0.32) and two sigma (0.05) 
C.I. were estimated for the 5 sec data via 1000 sample bootstrap for each lag point (dark 
and light grey respectively). (B) Sub-diffusive anomalous exponents for MSD records 
below 1 sec (grey region in (A)) at 5, 10, 15, 22 C as labeled. Peak locations and 0.05 
C.I. are shown for each panel. Anomalous exponents were estimated via loglog 




Figure 5.3 Temperature dependence of apparent diffusion coefficients. (A) 
Histograms of diffusion coefficients for 5, 10, 15, 22 °C are shown as labeled. In each 
panel, a fit to exponential density is shown (solid red). Because x-axis values needed to 
be rescaled for data at variable temperatures, fits to exponential densities at lower 
temperatures are shown for higher temperature panels (dashed red) for reference of 
overall scale. Characteristic diffusion coefficient for each temperature and a best fit 
Arrhenius curve (red) are shown on linear (B) and Arrhenius style (C) plots. For 
comparison, diffusion coefficients for free diffusion of 1µm diameter beads in water 
(D,E) show weak temperature dependence. Fit to Stokes-Einstein equation for bead 
radius 505 nm is shown (D, red dashed line); nominal bead radius is 499±19 nm. (inset) 
Histogram of diffusion coefficients at 22 °C and a Gaussian fit (red). (E) Arrhenius style 
plot: bead diffusion in water (black) is superimposed on linear trend for N340K NCD 






Figure 5.4 Analytic and simulation predictions for the skewness of the distribution of 
empirical diffusion coefficients.  Classical diffusion (λ=0) and jump diffusion (λ=1) cases 
are shown. (A) Skewness decays asymptotically to zero as a function of the number of 
points on each path (N). Simulation results are slightly but consistently higher than 
analytic predictions due to estimator bias. (B) The skewness grows with the sampling rate 
following analytical curve. The effect of finite simulation size is seen for low dt. (C) 
Simulated skewness as a function of the number of trajectories (M) shows asymptotic 
convergence to analytic prediction (up to estimator bias) for large M. Analytic curves: 
dashed lines. Simulated results: crosses. Parameters (unless noted): D=1, M=1000, 




Figure 5.5 Apparently diffusive subset of lipid droplet motility in Cos-7 cells. (A) 
Representative droplet tracks at 37 °C (blue). (B) The average MSD curve and (C) the 
distribution of effective diffusion coefficients for lipid droplets which do not show active 
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The work presented in this dissertation focuses on how intracellular cargos remain 
immotile and the development of techniques to study this process. While most studies of 
intracellular transport have focused on cargos that move, less attention has been paid to 
cargos that do not move which can constitute a significant percentage of intracellular 
transport. In the following paragraphs, I will present summaries and impacts of Chapter 
2, Chapter 3, Chapter 4, and Chapter 5.   
 Microtubule (MT) cytoskeleton is a complex network with multiple intersections 
at different angles 1,2. Motor driven cargos will have to navigate multiple intersections to 
get to their destinations. These multiple intersections could be a regulator of intracellular 
transport. How kinesin motor driven cargos behave at intersection had been controversial. 
A study 3  argues that a significant fraction of kinesin driven cargos pause at intersections 
and most were able to switch only after deformation of the MT suggesting a tug-of-war. 
On the other hand, a paper 4, argues that kinesin driven cargos rarely pause. My work in 
Chapter 2 suggests that differences in both results might be due to the angle of 
intersecting microtubules. I studied pause duration at intersecting MTs at various angles 
and found that most long pauses occur at acute angle of counter aligned intersecting MTs. 
I also quantified theses pauses in terms of number of kinesin and affinity of kinesin, and 
my results suggests that the number of kinesins and the affinity of kinesin for MT can 
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regulate the duration of these pauses.   
Another reason that has been postulated in the literature for the origin of pauses at 
intersections is that a traversing MT can be a significant barrier for molecular motor 
driven cargos at intersections in-vivo 5. In addition to the barrier effect 5, the data 
presented in Chapter 2  suggest that a cargo can simultaneously engage on more than one 
MT and crosslink them in a tug-of-war in-vivo. The tug-of-war in-vivo is evinced by the 
deformation pattern of MT that suggests engaged motors are trying to move in different 
directions.   Hence, Chapter 2 established the importance of microtubule (MT) geometry 
and bending in the routing of cargos throughout the cell. 
The work mentioned in the previous paragraph was done in two-dimensional 
space with MT attached to a glass slide.  In order to investigate the importance of MT 
geometry in physiologically relevant three-dimensional space in-vitro, a novel technique 
is needed for there is no prior technique that can reliably and easily accomplish this. I 
have helped develop a technique to accomplish this.  
The ability to precisely manipulate and assemble MT in 3D has important 
implications for both engineering and scientific purposes.  One notable challenge for 
nanotechnology is to design and assemble a “molecular shuttle” 6 that can reliably 
transport nanoscale quantities of materials in a regulated way. MT system could be an 
ideal “molecular shuttle” for nanotechnological applications as it evolved primarily to 
transport materials within the cell.  MT-based systems have been designed as a proof of 
concept for “molecular shuttle”  7–10. These methods have fixed and limited geometry 
with the molecular motors attached to a surface and overlaid with gliding MTs, or an 
assembly involving suspended MTs attached to ridges.  These approaches are not 
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scalable and the geometry cannot rapidly be modified or precisely controlled in 3D. 
Therefore, prior approaches severely limit the ability to assemble customized MT 
network in 3D.  In Chapter 3, we presented a novel technique that can rapidly and 
precisely manipulate multiple MTs with high fidelity using holographic optical tweezers 
in order to create a complex 3D MT network. This could have important 
nanotechnological applications for lab on chip devices, biosensors, etc. For large-scale 
technological application of MT system as a molecular “shuttle”, the problem of protein 
degradation over time needs to be overcome and 3D assembly of MT networks via 
holographic tweezers we presented in Chapter 3 might need to be fully automated.   
The ability to assemble MT networks in 3D also has important implications for 
science. The interest in how cargos navigate complex geometry of MT is growing 5,11  
and how complex network of MT in 3D regulates intracellular transport is not well 
understood.   In order to study the effect of complex geometry of MTs on motor driven 
cargos, there is often a need for a parallel and controlled in-vitro measurement. In-vitro 
reconstitution has a long history in cytoskeleton research 12 and in-vitro measurements 
remain a common approach to elucidate intracellular transport 13.  My contribution to the 
work in Chapter 3 now enables scalable, rapid, and faithful assemblage of MT networks 
in 3 dimensions, where the angles and the height separation can be controlled. I worked 
with Jared Bergman in Chapter 3 of this dissertation and he has taken the work even 
further by studying how the 3D geometric parameter of MT regulates kinesin driven 
cargos. 
The motivating biological question for the work in Chapter 4 is to understand the 
origin of shut down of neuronal transport at temperature below 12 0C 14–16 and other low 
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temperature dependent transport phenotypes.  Many organisms including hibernating 
mammals 17 survive temperature as low as 5 0C. This raises the question of how cold 
transport block happens and how it is overcome in some cold adapted organisms.  It is 
known that the cold transport block is not due primarily to MT depolymerization 16.  I 
was interested in how temperature affects the ensemble properties of intracellular 
transport, and how this could lead to immobility. Therefore, we started with the basic 
question on how low temperature changes the properties of a single biological motor.   
We showed in Chapter 4 that kinesin and dynein have a completely different 
mechanochemical response to cold temperature within the range of temperature we 
measured. We found that rat cytoplasmic dynein, an organism not adapted to cold, 
switches to very high activation energy at about 15 0C; for yeast cytoplasmic dynein, the 
switch to high activation energy occurs at 8 0C. Kinesin-1 activation energy remains the 
same within the temperature range measured. These results suggest that dynein is the 
main modulator of low temperature transport phenotype observed at less than 12 0C. A 
future research goal might be to test the hypothesis that the activation energy of dynein 
switches to high value in other cold adapted organisms at temperature much lower than 
15 0C and investigate the structural component of dynein that leads to these different 
temperature dependent switches. Another future direction might also be to test if the 
dynein switch to high activation energy can be regulated in hibernating mammals.  
In Chapter 5, I continued my study on cargos that do not move. One reason for 
this immotile cargo fraction is due to opposite directed molecular motors engaged in a 
tug-of-war. Another possible reason for immotile fraction could be due to thermally 
activated passive diffusion 18. Distinguishing these two processes, (1) active “diffusive” 
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processes resulting from motors activities from (2) passive diffusion, is critical as it leads 
to different areas of further investigation and it also limits the type of questions that can 
be asked. For example, if the immotile fraction is governed predominantly by passive 
diffusion, then questions relating to rheological properties of the cell could be asked. On 
the other hand, if the process is governed predominantly by active processes, then 
questions relating to the properties and regulations of the motors involved could be 
further investigated. Therefore, the very first question in study of immotile fraction 
should be how to easily tell apart these two processes. This work in Chapter 5 presents a 
noninvasive approach which uses variable temperature measurement and quantitative 
analysis to tell apart motor driven “active diffusion” from passive diffusion. In the 
minimal in-vitro tug-of-war system we constructed, I found that the spread of 
displacements of tug-of-wars, as measured by diffusion coefficients, is temperature 
dependent and obeys Arrhenius kinetic with activation energy twice as much as 
previously observed in Chapter 4 for the conventional kinesin. In addition, we showed in 
chapter five that these tug-of-war processes display complex behaviors which can be used 
to quickly identify “active” tug-of-war from passive diffusion.    
One important complex behavior that can be used to identify tug-of-war is the 
skewed distribution of the diffusion coefficients. The skewness in this case represents an 
apparent deviation from the central limit theorem.  In order to study the origin of the 
skewness generalizable to all tug-of-war models, we worked with Chris Miles, in Dr. 
James Keener group, in the Department of Mathematics at the University of Utah.  We 
constructed a minimum theoretical model with a Fokker-Planck equation which contains 
bi-directional enzymatic jumps (e.g. powerstroke events) and some elements of passive 
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diffusion. These events are expected to be present in every molecular motor tug-of-war 
system. The mathematical model reveals that the mean square displacement (MSD) of the 
tug-of-war can be still be linear. The mathematical model also reveals that the 
distribution of diffusion coefficients, though asymptotically a normal distribution, might 
be skewed for practical purposes as the convergence is much slower for tug-of-war than 
for passive diffusion.  The results in Chapter 5 could be applied in the studies of immotile 
fraction in different types of cargos, in different types of cells and in different types of 
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